A full understanding of the immune response to astrovirus (AstV) infection is required to treat and control AstV-induced gastroenteritis. Relative contributions of each arm of the immune system in restricting AstV infection remain unknown. In this study, two novel subunit AstV vaccines derived from capsid protein (CP) of mink AstV (MAstV) such as CP∆N (spanning amino acids 161-775) and CP∆C (spanning amino acids 1-621) were evaluated. Their immunogenicity and cytokine production in mice, as well as protective efficacy in mink litters via maternal immunization, were studied. Truncated CPs induced higher levels of serum anti-CP antibodies than CP, with the highest level for CP∆N. No seronegativity was detected after booster immunization with either AstV CP truncates in both mice and mink. All mink moms stayed seropositive during the entire 104-day study. Furthermore, lymphoproliferation responses and Th1/Th2 cytokine induction of mice splenocytes ex vivo re-stimulated by truncated CPs were significantly higher than those by CP, with the highest level for CP∆N. Immunization of mink moms with truncated CPs could suppress virus shedding and clinical signs in their litters during a 51-day study after challenge with a heterogeneous MAstV strain. Collectively, AstV truncated CPs exhibit better parameters for protection than full-length CP.
Introduction
Immunization against the viral pathogens causing gastrointestinal disorders is one of the most important concerns in public and animal health. Development of viral vaccines has traditionally been based on the use of attenuated live or inactivated viruses to induce protective immunity. This strategy has generated both live attenuated and inactivated vaccines currently in use for different diseases. Despite its efficacy, it has been difficult to extend this strategy to many viral pathogens because attenuated strains are either difficult to produce or unreliable, and posing safety risks. Inactivated vaccines, on the other hand, are safe but poorly immunogenic [1, 2] . As a result, alternative vaccine development strategies are being investigated and tested, such as recombinant DNA [3] , protein-based subunit vaccines [4] , viral vector-based vaccines [5] , vaccine generation by reverse genetics and codon optimization approaches [6] , and more recently mRNA vaccines [7] . Several efforts are aimed to increase the immunogenicity and the safety of vaccines. In particular, subunit vaccines target specific epitopes recognized for immunity and are safe since they do not involve replication of the viral pathogen. However, these need to be combined with adjuvants to stimulate good immune responses and often require repeated immunization. Vital aspects for subunit vaccines effectivity are that the right immunization of mice. We also evaluated maternal passive immunization in minks by investigating virus shedding and clinical signs in litters after challenging with a heterologous MAstV strain.
Materials and Methods

Construction and Expression of MAstV Vaccine Candidates
The construction and expression of the full-length and truncated MAstV CP of strain DK5790 using pDual-GC vector (Agilent Technologies, Santa Clara, CA, USA) have been described [36] . CP refers to the full-length capsid protein (spanning amino acids (aa) 1-775 of CP); CP∆N refers to an N-terminal truncated protein (spanning aa 161-775 of CP); CP∆C is a C-terminal truncated protein (spanning aa 1-621 of CP). The MAstV CPs were expressed in stably transfected fetal mink cells and were purified by affinity in a nickel resin, as described in details in our previous study [36] .
Immunogenicity Evaluation in Mice
Four groups, each containing eight Naval Medical Research Institute (NMRI) mice at the age of 4 weeks (Charles River Laboratories, Wilmington, MA, USA) were used in this study. The mice trial (project number: 10/122) were carried out at the National Veterinary Institute of Sweden in accordance with both institutional and Swedish National Committee for the protection of animals used for scientific purposes' guidelines (Ethical number: C236/8). Three groups were injected subcutaneously with 0.2 mL of a mixture of 5 µg of CP-, CP∆N-, or CP∆C-proteins in phosphate-buffered saline (PBS) with 10 µg of AbISCO-100 adjuvant (Isconova, Uppsala, Sweden) per mouse. Mice in the sham group (n = 8) were also injected with 0.2 mL of PBS containing 10 µg of AbISCO-100 adjuvant. Three weeks after the first immunization, the mice received a second injection of AstV protein or control cell lysate applied as before. Blood sera were collected three weeks after each immunization and stored at −20 • C. We used an indirect enzyme-linked immunosorbent assay (ELISA) to measure humoral immune response. Animals in each group were sacrificed three weeks after the second immunization. Splenocytes were harvested, seeded in 96-well plates and re-stimulated with various concentrations of the purified AstV CPs in order to measure proliferation activity and cytokine secretions to study cellular immune responses.
Protective Efficacy Evaluation in Mink
Seventeen adult female wild type minks at the age of 1-year old were purchased from a MAstV-free farm in Denmark and transported to the National Veterinary Institute, Technical University of Denmark, where all mink experiments were carried out in accordance with both institutional and Danish Animal Care and Ethics Committee's national guidelines (Ethical number: 08/561-1534). All minks were first tested for antibodies to MAstV, with negative results. Their polymerase chain reaction (PCR) results also did not show any active AstV infection. The adult female minks then were injected subcutaneously with 100 µg of CP∆N (n = 6), CP∆C (n = 6), or with pDual-GC-vector-transfected cell lysate as sham (n = 5) combined with an equal amount of Freund's adjuvant (Sigma-Aldrich, St. Louis, MO, USA) ( Table 1 ). The immunization was repeated three weeks after. The 1-day-old litters (n = 89) born to these immunized female moms were inoculated orally with a high dose of challenge MAstV Danish strain DK7627 (10 7 virus genome copies). The author veterinarians recorded clinical symptoms in the litters on a daily basis. Totally, 414 fecal samples were collected at different days post-challenge throughout the observation period (51 days) and tested with a quantitative real-time RT-PCR (targeted non-structural gene of MAstV, Threshold = 0.02, unpublished data) and one-step RT-PCR kits (Qiagen, Hilden, Germany) for determination of virus shedding after challenge (Table 1) . The challenge materials came from a farm that reported extensive MAstV infection and suffering from shaking mink syndrome. To prepare the challenge materials, the fecal samples were first tested for positive MAstV by a quantitative real-time PCR [36] and also EM ( Figure 1 ). Sequencing results showed the presence of a heterogeneous Danish strain DK7627 in the fecal samples compared to the strain DK5790 that was used to design and prepare AstV CP subunit vaccine candidates. Using 0.2 µm filters, the positive fecal samples were filtered to avoid bacterial and fungal contamination. These filtered materials were further exploited as MAstV-positive fecal filtrate for challenging the litters born to immunized moms during this experimental study. The challenge materials came from a farm that reported extensive MAstV infection and suffering from shaking mink syndrome. To prepare the challenge materials, the fecal samples were first tested for positive MAstV by a quantitative real-time PCR [36] and also EM ( Figure 1 ). Sequencing results showed the presence of a heterogeneous Danish strain DK7627 in the fecal samples compared to the strain DK5790 that was used to design and prepare AstV CP subunit vaccine candidates. Using 0.2 µm filters, the positive fecal samples were filtered to avoid bacterial and fungal contamination. These filtered materials were further exploited as MAstV-positive fecal filtrate for challenging the litters born to immunized moms during this experimental study. To prepare the infectious material for the experiment, fecal samples of a naturally-infected mink were examined by EM and small star-like particles of MAstV, 30 nm in diameter, were observed. Further analyses with a MAstV-specific PCR and sequencing also detected the genome of the MAstV Danish strain DK7627 in the sample. The number of RNA copies of MAstV in this infectious material measured by a quantitative PCR was 10 7 /mL. This was later used for the challenge of litters. The white bar scale is 50 nm. The EM examination was performed at the Swedish Institute for Infectious Disease Control (SMI).
Indirect ELISA
To detect the anti-MAstV CP specific antibodies in serum samples of mice and minks, an indirect ELISA was developed and used as previously described [36] . Briefly, a recombinant MAstV CP was first expressed in BL-21 competent Escherichia coli cells, then lysed mechanically by sonication and purified using HisTrap™ columns (GE Healthcare, Uppsala, Sweden) in nickel affinity chromatography. The wells of high-binding ELISA plates (Nunc-Immuno™ Plates, Thermo Fisher Scientific, Waltham, MA, USA) were then coated with 100 ng/well of the purified recombinant MAstV CP diluted in carbonate buffer (pH 9.6, Sigma Aldrich, St. Louis, MO, USA) and incubated overnight at 4 °C. Next, the plates were washed three times with PBS-T (PBS with 0.05% Tween 20, Thermo To prepare the infectious material for the experiment, fecal samples of a naturally-infected mink were examined by EM and small star-like particles of MAstV, 30 nm in diameter, were observed. Further analyses with a MAstV-specific PCR and sequencing also detected the genome of the MAstV Danish strain DK7627 in the sample. The number of RNA copies of MAstV in this infectious material measured by a quantitative PCR was 10 7 /mL. This was later used for the challenge of litters. The white bar scale is 50 nm. The EM examination was performed at the Swedish Institute for Infectious Disease Control (SMI).
To detect the anti-MAstV CP specific antibodies in serum samples of mice and minks, an indirect ELISA was developed and used as previously described [36] . Briefly, a recombinant MAstV CP was first expressed in BL-21 competent Escherichia coli cells, then lysed mechanically by sonication and purified using HisTrap™ columns (GE Healthcare, Uppsala, Sweden) in nickel affinity chromatography. The wells of high-binding ELISA plates (Nunc-Immuno™ Plates, Thermo Fisher Scientific, Waltham, MA, USA) were then coated with 100 ng/well of the purified recombinant MAstV CP diluted in carbonate buffer (pH 9.6, Sigma Aldrich, St. Louis, MO, USA) and incubated overnight at 4 • C. Next, the plates were washed three times with PBS-T (PBS with 0.05% Tween 20, Thermo Fisher Scientific, Waltham, MA, USA) and blocked with 100 µL/well of blocking solution (PBS-T containing 5% of skimmed milk) for 1 h. The plates were washed with PBS-T three times. One hundred microliters of serum samples diluted 1:100 in blocking buffer were added to each well, and the plates were incubated at 37 • C for 1 h. After washing with PBS-T, horseradish peroxidase-labeled mouse anti-mustelid IgG secondary antibody (MyBioSource, San Diego, CA, USA) diluted 1:1600 in blocking buffer was added, and the plates were incubated for another 1 h. After three washes as before, the substrate solution (tetramethylbenzidine) was added; the reaction was stopped by adding 100 µL 1M sulfuric acid (H 2 SO 4 ) to each well. All incubation steps were performed at room temperature. The optical density (OD) was measured at 450 nm in an ELISA microplate reader (Biocompare, San Francisco, CA, USA). The experiment was done in duplicate. The mean OD for the antigen-negative wells was subtracted from each result, and the OD for each sample was corrected to a positive serum with the limit values of 2.0 OD in each run to generate a corrected optical density (COD) value. Serum samples from pre-immune mink and mice were used as a negative control with a COD value of <0.6 and <0.3, respectively.
Proliferation Assay
Spleens collected from the mice were processed for isolation of splenocytes three weeks after the second immunization. The freshly isolated splenocytes' suspensions were counted and plated in 96-well cell culture plates at a density of 2 × 10 5 cells/well in Roswell Park Memorial Institute (RPMI) and the medium supplemented with 5% of fetal calf serum, 0.2% of L-Glutamine, 100 Units/mL of penicillin, 100 µg/mL of streptomycin, and 0.1% of 2-mercaptoethanol. After overnight incubation at 37 • C, the cells were stimulated with 1, 2, 4, and 8 µg/mL of the corresponding MAstV CPs, in triplicate wells for each protein concentration. Cells from the sham mice were also stimulated in the same manner. Following incubation for 48 h at 37 • C, 5% CO 2 , the plates were centrifuged at 1200 rpm for 10 min, and the supernatants were removed and stored at −70 • C for determination of cytokines. For evaluation of proliferation, 96-well cell culture plates containing cell suspension were prepared and treated as before. Following incubation for 48 h at 37 • C, 5% CO 2 , the proliferation of specific cells was assessed using a water-soluble tetrazolium salt (WST-1) rapid Cell Proliferation kit (Calbiochem, San Diego, CA, USA). 10 µL of the WST-1 mixture, a colorimetric indicator of cell viability was added, and absorbance at 450 nm was measured with a spectrophotometer reader 2 h later.
Cytokine Profiling
The collected culture supernatants of the ex vivo-stimulated splenocytes were analyzed in triplicate using the mouse Th1/Th2 Cytokine Cytometric 6-plex Array Bead kit (Invitrogen, Carlsbad, CA, USA) that detects Interferon gamma (IFN-γ) and Interleukins (IL2, IL-4, IL-5, IL-10, and IL-12), according to the manufacturer's protocol. Briefly, filter plates were pre-wetted, and 50 µL of coated bead suspension was added to each well and washed twice in a Tecan device. The samples and standards (50 µL) were then added in duplicate wells; the plates were sealed and shaken for 30 s at 1100 rpm and then incubated for 1 h, shaken at 300 rpm. The plates were washed three times, and 25 µL of diluted detection antibody was added to each well. The plates were shaken as before and then incubated for 30 min, shaken at 300 rpm in the dark. After washing three times, 50 µL of 1× streptavidin-Phycoerythrin (PE) was added to every well, and the plates were incubated for 10 min. The plates were washed again, and the beads were resuspended in 125 µL of the resuspension buffer, mixed by brief vertexing, and immediately read on the Luminex ® 100/200™ System (R&D Systems, Minneapolis, MN, USA) using xPONENT ® software (Luminex Corporation, Austin, TX, USA). 
Statistical Analysis
The mean COD value and standard deviation (SD) of the T-cell proliferation test and the cell-mediated Luminex results of each group of immunized and sham mice were analyzed by using Student's t-test (two-tailed distribution, two-sample unequal variance, Heteroscedastic) for differences among groups. Indeed, ELISA results were analyzed statistically using two-way analysis of variance (ANOVA) with replication test. The number of asterisks in figures show various significant differences between the variables: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001. Comparison of secreted cytokine profiles measured by Luminex was performed using GraphPad Prism software version 4 (GraphPad Software, San Diego, CA, USA) and illustrated as heatmaps.
Results
Antibody Responses to MAstV CPs in Mice
Blood of mice immunized with CP, CP∆N, or CP∆C proteins and of sham mice (n = 8 per group) were collected three weeks after the first and second immunizations ( Figure 2A ). The sera were analyzed with an indirect ELISA for the detection of antibodies to MAstV CP. The antibody levels after the first immunization were low and without difference between the immunized mice groups and also between immunized and sham mice groups. After receiving the booster injection, the immunized mice showed a significant increase in anti-MAstV CP antibody levels (p < 0.05) compared to the first immunization. Interestingly, the antibody levels induced by CP∆N increased significantly (p < 0.001) after the booster and were markedly higher (p < 0.01) than antibodies generated by the booster of CP or CP∆C immunogens ( Figure 2B ). Although the antibody reactions to CP and CP∆C had similar mean COD values both after the first and booster immunizations, their mean COD values after the booster were significantly higher than sham (p < 0.05).
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Results
Antibody Responses to MAstV CPs in Mice
Blood of mice immunized with CP, CPΔN, or CPΔC proteins and of sham mice (n = 8 per group) were collected three weeks after the first and second immunizations ( Figure 2A ). The sera were analyzed with an indirect ELISA for the detection of antibodies to MAstV CP. The antibody levels after the first immunization were low and without difference between the immunized mice groups and also between immunized and sham mice groups. After receiving the booster injection, the immunized mice showed a significant increase in anti-MAstV CP antibody levels (p < 0.05) compared to the first immunization. Interestingly, the antibody levels induced by CPΔN increased significantly (p < 0.001) after the booster and were markedly higher (p < 0.01) than antibodies generated by the booster of CP or CPΔC immunogens ( Figure 2B ). Although the antibody reactions to CP and CPΔC had similar mean COD values both after the first and booster immunizations, their mean COD values after the booster were significantly higher than sham (p < 0.05). 
(A)
Proliferation Activity of Mice Splenocytes Immunized with MAstV CPs
The viability of splenocytes using WST-1 labeling mixture was measured, showing different effects of various concentrations of MAstV CPs on splenocyte proliferation. Readings were indicative of lymphocyte proliferation recorded in supernatants from stimulated splenocytes in immunized but not in sham mice (Figure 3 ). Comparing to the sham group, the CP group did not induce splenocyte proliferation at higher than 4 µg/mL concentrations of MAstV CP (Figure 3 ). In contrast, CPΔN and CPΔC showed significant increases (p < 0.05) in proliferation ability in response to increased concentration of these MAstV CPs ( Figure 3B ,C). Splenocytes from sham mice, when stimulated with CPΔN or CPΔC, showed slightly higher proliferation at higher concentrations of these MAstV CPs ( Figure 3B ,C). However, increasing the CP concentration decreased the proliferation of splenocytes from sham mice too ( Figure 3A ). 
(B)
Proliferation Activity of Mice Splenocytes Immunized with MAstV CPs
The viability of splenocytes using WST-1 labeling mixture was measured, showing different effects of various concentrations of MAstV CPs on splenocyte proliferation. Readings were indicative of lymphocyte proliferation recorded in supernatants from stimulated splenocytes in immunized but not in sham mice (Figure 3 ). Comparing to the sham group, the CP group did not induce splenocyte proliferation at higher than 4 µg/mL concentrations of MAstV CP (Figure 3 ). In contrast, CP∆N and CP∆C showed significant increases (p < 0.05) in proliferation ability in response to increased concentration of these MAstV CPs (Figure 3B ,C). Splenocytes from sham mice, when stimulated with CP∆N or CP∆C, showed slightly higher proliferation at higher concentrations of these MAstV CPs (Figure 3B ,C). However, increasing the CP concentration decreased the proliferation of splenocytes from sham mice too ( Figure 3A ). were also independently exposed to each of the three MAstV CPs. The data are mean COD value readings of triplicate experiments. Asterisks indicate a significant difference at the given protein concentration between immunized and sham mice tested by two-way ANOVA with replication test (* p < 0.05). Error bars represent standard deviation (SD).
Cytokine Profiling of MAstV CPs-Immunized Mice
Next, we investigated the capacity of different generated MAstV CPs to induce specific Th1 and Th2 responses. The culture supernatants from stimulated splenocytes with 2 and 4 µg/mL concentrations of MAstV CPs were assessed for secreted cytokines using the mouse Th1/Th2 Cytokine Cytometric 6-plex Array Bead kit (Invitrogen, Carlsbad, CA, USA) that measures IFN-γ, IL-2, IL-4, IL-5, IL-10, and IL-12. The results are displayed as heatmaps ( Figure 4A,B) . For IL-2, a significant readout was found in mice immunized with all three proteins. Indeed, the readouts in mice immunized with truncated CPs were found higher than full-length CP and were the highest in the CP∆N-immunized mice group when exposed to a higher (4 µg/mL) concentration of this immunogen (Supplementary Figure S1A ). For IL-4, the measured values were, in general, low with a minor difference between CP and the two CP truncates (data not shown). IL-5 and IL-10 responses showed a similar pattern to IL-2, with higher and significant stimulation induced in mice immunized with CP∆N ( Supplementary  Figure S1B,C) . Furthermore, mice immunized with CP did not show any difference between IL-5 and IL-10 responses ( Supplementary Figure S1B,C) . For IL-12, there were no differences between the readings of immunized and sham mice showing that there is no induction of this cytokine by any of MAstV CPs (data not shown). No significant changes in cytokine levels were observed in sham mice for the investigated interleukins ( Figure 4 ). For IFN-γ, significantly super high levels of cytokine were induced in immunized mice when stimulated with CP∆N (p < 0.001); four folds at 2 µg/mL and eight folds at 4 µg/mL concentration of CP∆N (Supplementary Figure S1D) . Also, readings of IFN-γ from CP∆C (p < 0.05), though not as high as CP∆N were higher than those from CP at increasing concentrations of this immunogen: One-fold at 2 µg/mL and three folds at 4 µg/mL concentration of CP∆C (Supplementary Figure S1D) . Interestingly, naïve mice in the sham group when stimulated with the different concentrations of only CP∆N and CP∆C also showed a higher level of expression for IFN-γ response (Figure 4) , showing the capability of the two AstV CP truncates in immunogenicity in naïve mice.
Though inducing a low level of antibodies, the CP∆C is endowed with better capacity for mounting a recall response by means of strong cellular immunity, compared to the full-length CP. The CP∆N protein of AstV combines both the ability to induce high levels of antibodies (humoral response) with the capacity to stimulate cytokine production (cellular response) thereby stimulating both arms of the immune response. In general, the production of cytokines increased with the amount of MAstV CPs used in the re-stimulation of splenocytes. Altogether, the results showed a poor ability of CP to stimulate cellular responses based on the measured cytokines. On the other hand, the findings also reveal differences in the degree of cytokine induction between CP∆N and CP∆C, albeit the fact that they both stimulate cellular responses. The practical significance of this circumstance in full protection was also evaluated in challenge experiments in mink litters.
Maternal passive immunization with truncated MAstV CPs was done in mink. A total of 85 serum samples were taken from MAstV CPs-immunized female adult minks (n = 17) on five occasions during a 104-day experiment ( Figure 5A ). Using ELISA, the levels of anti-MAstV CP antibody in serum samples were measured. The ELISA results of each MAstV vaccine candidate are shown in Figure 5B . Both CP∆N-and CP∆C-vaccinated groups generated significantly higher levels of antibodies after the first and second immunization, compared to the sham group (p < 0.01), with a highest (p < 0.001) anti-MAstV CP antibody titer three weeks after the second immunization (day 39; Figure 5B ). Furthermore, though a slight decrease, these vaccinated adult females showed a significantly higher level of anti-MAstV CP antibody (p < 0.01) than the naïve sham group ( Figure 5B) during the entire trial. The antibody levels, generated after the first immunization with CP∆C-vaccinated candidates, were significantly higher than the CP∆N-vaccinated group (p < 0.01) as measured on day 17 ( Figure 5B ). However, this level after the second immunization with CP∆N was measured slightly higher than that of the CP∆C-vaccine candidate ( Figure 5B ) as measured on day 39.
Also, readings of IFN-γ from CPΔC (p < 0.05), though not as high as CPΔN were higher than those from CP at increasing concentrations of this immunogen: One-fold at 2 µg/mL and three folds at 4 µg/mL concentration of CPΔC (Supplementary Figure S1D) . Interestingly, naïve mice in the sham group when stimulated with the different concentrations of only CPΔN and CPΔC also showed a higher level of expression for IFN-γ response (Figure 4) , showing the capability of the two AstV CP truncates in immunogenicity in naïve mice. After the challenge of the mink litters (on day 1 with 10 7 MAstV genome copies of a heterologous strain), the clinical signs and virus shedding of their litters were investigated. The litters showed clinical signs including poor body condition, skin redness, severe diarrhea, and black nails, although the vaccinated groups showed milder severity of clinical signs compared to the sham group ( Figure 6A ). Furthermore, the ratio of litters with either clinical signs of AstV infection declined among vaccinated groups compared to the sham group ( Figure 6A ). Only 14.3% of litters (n = 42) in CP∆C and less than half (48.4%) of litters (n = 31) in CP∆N groups showed poor body conditions. While more than half (56.2%) of litters (n = 16) in the sham group showed severe diarrhea on days 7-14 post-challenge, only around 38% of litters (12 out of 31) in CP∆N and (16 out of 42) in CP∆C groups showed mild to severe diarrhea ( Table 2 ). Greasy skin signs were observed in 68.7% (11 out of 16) of litters in the sham group, while this main clinical sign of MAstV infection was observed only in 38.7% (12 out of 31) of litters in CP∆N group and 45.2% (19 out of 42) of litters in CP∆C group. For black nail sign rates of MAstV infection, the litters in CP∆N and CP∆C groups showed around 50% and 70% lower rates, respectively, compared to those in the sham group (Table 2) . the control group injected with pDual-GC-vector-transfected cell lysate. Asterisks indicate significant differences at the given protein concentration between various immunized and sham adult mink moms tested by a two-way ANOVA with replication test (* p < 0.01, ** p < 0.001). Error bars represent SD. Totally, 414 fecal samples of all 89 litters (87 samples from the sham moms' litters (n = 16), 146 from CPΔN-vaccinated moms' litters (n = 31), and 181 from CPΔC-vaccinated moms' litters (n = 42)) were collected on nine occasions and tested by PCR for shedding MAstV detection during the 51-day challenging experiment in litters (Table 1 ). On the day of challenge (day 1) and day 3, all litters were tested to find the accurate time that MAstV shedding starts. To follow up all litters during this experiment, two litters of each adult mom were tested using a real-time PCR on each sampling occasion. The ratio of positive samples to the total number of tested litters of each group on a sampling occasion was calculated and presented as a percentage. The results showed that on day 7 post-challenge, the rate of virus-shedding among the litters in both CPΔN-and CPΔC-vaccinated mom groups significantly declined (>40%) compared to that of the sham mom group (p < 0.05) ( Totally, 414 fecal samples of all 89 litters (87 samples from the sham moms' litters (n = 16), 146 from CP∆N-vaccinated moms' litters (n = 31), and 181 from CP∆C-vaccinated moms' litters (n = 42)) were collected on nine occasions and tested by PCR for shedding MAstV detection during the 51-day challenging experiment in litters (Table 1) . On the day of challenge (day 1) and day 3, all litters were tested to find the accurate time that MAstV shedding starts. To follow up all litters during this experiment, two litters of each adult mom were tested using a real-time PCR on each sampling occasion. The ratio of positive samples to the total number of tested litters of each group on a sampling occasion was calculated and presented as a percentage. The results showed that on day 7 post-challenge, the rate of virus-shedding among the litters in both CP∆N-and CP∆C-vaccinated mom groups significantly declined (>40%) compared to that of the sham mom group (p < 0.05) ( Figure 6B, Supplementary  Figure S2 ). This significantly lower rate (40%) of virus-shedding prolonged to day 9 just in the CP∆N-vaccinated moms' litters, and stayed lower than those in CP∆C-vaccinated moms (by 30%) and the sham moms (by 40%) groups. In this study, at the peak of virus shedding (day 16), when all (100%) litters in the CP∆C-vaccinated moms group (n = 12), and sham moms groups (n = 8) were detected positive, almost 20% of litters (n = 11) in the CP∆N-vaccinated moms group were found free from MAstV infection. Furthermore, the remaining sampled litters (6 out of 9) in the CP∆N group and most of the sampled litters (9 out of 12) in CP∆C group on day 16 were detected with a lower rate (Ct value > 30, corresponding to 10 3 RNA copies of MAstV) of MAstV shedding using a quantitative PCR [36] compared to sham group in which all litters (8 out of 8) were detected with a high rate (Ct value < 20, corresponding to 10 6 RNA copies of MAstV) of virus shedding in their fecal samples. Also, the period of virus shedding in litters was recorded between 3-50 days post-challenge ( Figure 6B, Supplementary  Figure S2 ). Collectively, the litters in both CP∆N-and CP∆C-vaccinated moms groups showed milder rates of all investigated clinical signs and also lower rates of virus shedding post-challenge, with a high dose of heterogeneous MAstV strain DK7627 (10 7 virus genome copies), when compared with the litters in the sham moms group. This is also in correlation with a higher rate of MAstV seropositivity of their mink moms immunized with CP truncates, compared to full-length CP and the sham group (Table 3 ). This indicates the protective effect of maternal immunization with truncated-MAstV CPs vaccine candidates. Indeed, anti-MAstV antibodies generated by this strategy could pass to litters during and/or after gestation and could neutralize MAstV post-challenge. Table 3 . Seropositivity ratio of animal models 3 weeks after the first and second immunization during in vivo trials. 
Group of Experiment
Ratio of Seropositivity (%) 3 Weeks after First Immunization 3 Weeks after Second Immunization (Booster)
Mice Mink Mice Mink
Discussion
Infection with gut viruses such as rotaviruses, AstV, and noroviruses (Norwalk virus, calicivirus) are spread worldwide in human, animal, and bird species with a high seroprevalence [38] [39] [40] [41] . Despite remarkably growing studies on AstV epidemiology and molecular biology [41, 42] , little is known about its immunogenicity and vaccine development. Recent findings about AstVs from different species highlighted high seroprevalence [8, 25, 38, 39] , neurotropism [29, 30] , zoonotic transmission [26] , and huge economic losses [8, 31, 32, 39] . These raise the importance of an efficient vaccine for this infection, not only for the animal industry but also for public health concerns. Currently, there are no vaccines or antiviral therapies against AstV diseases in either public health or animal health, which persuaded us to research and to provide knowledge on vaccine design and immunization strategies against AstVs. In several phylogenetic analysis studies, MAstV strains have been clustered to its human counterpart [38, 43] . Recent advanced sequence analyses have also identified two novel groups of highly divergent AstVs, named MLB (Melbourne) and VA/HMO (Virginia/Human-Mink-Ovine-like) in human individuals with diarrhea [44, 45] . Furthermore, in clinical studies including the authors' observations, there is evidence of MAstV-associated encephalitis and meningitis in minks and humans raising the zoonotic emerging aspect of MAstV [26] . These studies highlight the importance of MAstV vaccine research.
In this study, significantly higher anti-MAstV serum antibody detected in mice and mink showed that CP truncates could elicit a reasonable systematic humoral immune response compared to full-length CP. Humoral immunity plays an important role in protecting against AstVs since the presence of protective antibodies against HAstV in healthy adults provides a mechanism of protection against reinfection [46, 47] . The development of anti-AstV therapies is hampered by the gap in knowledge of protective antibody epitopes on the AstV capsid surface [48] and the immunosuppressing peptides along AstV CP [46, 49, 50] . Most of AstV vaccine research studies, including our previous study, have been focused on the full-length CP vaccine candidates, which all showed partial unsatisfactory immunity [36, 37, 51] . Our previous study, however, supports the feasibility of providing a truncated AstV CP vaccine for protection against AstV infection [36] . The most recent trial was also relevant to characterize a humoral immune response to a trivalent vaccine containing VP26 of the HAstV CP immunization in mice [52] .
Currently, there is no commercial immunological kit available to evaluate the cytokine levels in mink to get a better overview of immune responses following administration of mink vaccine candidates. Thus, we administered these MAstV vaccine candidates subcutaneously in adult NMRI immunocompetent mice to evaluate both humoral and cellular Th1/Th2 cellular immune responses. The MAstV CP truncates evaluated in this study could drastically induce higher IFN-γ secretion in mice splenocytes compared to the full-length CP (Figure 4, Supplementary Figure S1D ). This is indicative of the role of full-length CP in depleting IFN-γ, type II interferon, a mechanism which is exploited by AstV to promote viral replication in early infection. AstVs are IFN-sensitive viruses that so far have been shown to induce IFN-β, type I interferon, which occurs late in infection and is independent of replication [53] . This limits AstV infection and preserves barrier permeability in the intestines [53, 54] . Some other gut viruses such as rotavirus exploit IFN signaling in intestinal cells to promote early viral replication [55, 56] . Later on, IFN-induced apoptosis helps to control these viral infections. Our findings show that truncation disrupts this antiviral suppression activity of AstV CP, leading to better crosstalk between humoral and cellular immune responses.
Turkey AstV infection is a poor inducer of an adaptive immune response [57] and resulted in reinfection. Studies using the newly emerging mouse model and clinical studies in humans also demonstrated that the adaptive immune response is key in controlling AstV infection [58] , which has been shown not to be well induced by whole AstV or full-length CP [36, 48] . A study by Bogdanoff, et al. has revealed that the CP core domain (VP34) is antigenic in addition to the CP spike domains (VP27/29 and VP25/26) [47] . CP∆N truncate (aa 161-775) in this study, despite of lacking the N-terminus (aa 1-80) and partial inner core domain (aa 80-266) of CP, showed higher adaptive humoral and cellular immune responses compared to CP and CP∆C. Previously, immune-suppressing mechanisms of a peptide (aa 79-139) along N-terminus of AstV through interacting with a complement system has been shown [49, 50] . This supportive reason indicates that CP∆N also could not interrupt the crosstalk between innate and adaptive immune responses due to the lack of suppression capability of the complement system; therefore, it is the most immunogenic vaccine candidate in this study. Such immunosuppressing mechanism ruled out by N-terminus peptide of CP∆C truncate (aa 1-621) may likely be a reason for the lower cytokine induction in mice splenocytes, indicating a lesser capability of this truncate to elicit adaptive immune responses after immunization, compared to the CP∆N truncate.
Notably, CP∆C also showed a higher cellular immune response after re-stimulating mice splenocytes and higher humoral immune response in the mink model compared with full-length CP. These results support a hypothesis that AstV CP has more mechanisms for immunosuppression than the one for suppressing the complement system, which requires more investigation. Genomic [59] and proteomic [49, 60] studies have shown that conserved non-immunogenic regions are located at N-and C-termini of CP. The innate immune system is the first line of defense against an invading pathogen. Some mediators of innate immune systems such as active transforming growth factor beta (TGF-β) levels and synthesis of inducible nitric oxide synthase (iNOS) protein are increased after AstV infection, but the role of TGF-β after AstV infection is not known [38, 61] . The presence of signal transducer and activator of transcription 1 (STAT1) also decreases AstV replication with its mechanism remaining unknown. Due to these innate immunosuppressing mechanisms of AstV, its infection is associated with mild levels of histopathological signs, destruction of intestinal villi, and non-inflammatory diarrhea in calves, lambs, and turkey case studies [62] [63] [64] [65] . Our study also shows that AstV CP truncates could stimulate some levels of secretion of IL-10 that is related to TGF-ß signaling. However, we were unable to measure secreted TGF-β in mice splenocytes after stimulation with full-length and the truncated AstV CP immunogens. Taken together, research on finding extra immunosuppressing peptides along AstV CP truncates and removing them from current CP truncates would indispensably benefit AstV vaccinology by providing better crosstalk between innate and adaptive immune responses to elicit even better adaptive immunity after vaccination.
Due to difficulties of litter vaccination, our ultimate goal of an MAstV vaccine is to provide maternal passive immunity in litters by vaccinating adult female moms. Ideally, maternal passive immunity observed among litters of mink refers to anti-AstV CP IgG that can pass to litters through the placenta during gestation and/or through the milk after birth. The induction of humoral immunity characterized by the stimulation of B-lymphocytes in moms is then critical in this work to generate a protective level of anti-AstV IgG antibodies in newborn litters. The passive protection of mink litters born to immunized moms after challenge with AstV -positive fecal filtrate was evaluated by the investigation of clinical signs and virus shedding. Although the litters were challenged with a high dose (10 7 genome copies) of a heterogeneous strain DK7627 which is known to be a causative agent of shaking mink syndrome [28] , the results indicated the presence of protective maternal anti-AstV IgG antibodies in litters. Maternal passive immunization evaluated in the mink trial of this study supports the application of such an immunization with a safe (gene-or protein-based) subunit AstV vaccine to protect newborns after gestation. Maternal passive immunization has been used for vaccination against other infections such as influenza virus [66, 67] , enterovirus [68, 69] , respiratory syncytial virus [70, 71] , pertussis [72, 73] , group B streptococcus [74] , tetanus [75, 76] , thereby showing that immunization during pregnancy is the most effective means of preventing maternal and newborns mortality/morbidity. Safety of vaccination in pregnancy, however, is a key consideration. Gene-and protein-based subunit vaccines are classified among the safest types of vaccines and have always been considered for maternal vaccination. These are effective strategies to prevent serious infections in mothers and their infants in both veterinary and human medicine.
Truncated forms of MAstV CP could abate the virus shedding rate and clinical signs of AstV infection in litters of immunized groups compared to the sham group. However, the AstV infection could not be prevented completely by vaccination. The overdosing of virus inoculation of a heterologous MAstV strain could be a reason for still observing virus shedding and diarrhea in some litters of the vaccinated groups. Isolation and titration of AstVs have been difficult due to viral characteristics [77] . In the same way, our attempts to prepare a titrated infectious solution to be used for MAstV inoculation failed. Lack of such a convenient infectious solution could overdose virus inoculation in mink litters, leading to underestimating the protective efficacy of vaccines. Reduction in clinical signs showed that maternal immunization produced effective neutralizing antibodies to protect litters against MAstV infection.
The capacity to elicit an effective T-and B-lymphocyte immunity can be shown by the stimulation of lymphocyte proliferation response, antibody titration, and cytokine profiling. In this work, we show that truncated forms of AstV CP were the stronger inducers of antibody secretion and lymphoproliferation. Increase of IL-2 and WST-1 tests showed a stronger ability of CP truncates to stimulate the proliferation and differentiation of T cells, which is important for local and systematic humoral immunity [46] . Although no increase of cytokines was detected in splenocytes of the sham mice group, CP∆C and CP∆N could elicit Th1 (IL-2 and IFN-γ), Th2 (IL-5), and Th2/T-reg (IL-10) in all immunized mice, with the highest level of induction in the CP∆N-immunized group. It is well known that Th1-associated cytokines help to regulate antiviral cellular responses, while Th2-associated cytokines enhance humoral immune responses [38, 46] . Subsequently, the level of serum neutralizing polyclonal antibodies also significantly increased after the second immunization with both CP truncates. We showed that CP truncates could better elicit adaptive humoral and cellular responses compared to full-length CP. In contrast, immunization with MAstV CP raised a weak level of cytokines and antibodies in mice, which is in accordance with previous field studies [36, 37, 51] . It is now well documented that cooperation between cellular and humoral immunity is indispensable to provide a protective immune response against numerous pathogens [78] , including AstVs [46, 62] . Taken together, combined with analyses of serum antibody levels, these data suggest that a better balanced Th1/Th2 immune response is induced by the truncates of MAstV CP, compared to the suboptimal protection by full-length CP.
In this study, we did not collect intestine samples to measure the mucosal immune response that may conceivably mediate protection against AstV infections. A previous study showed that CD4+ T cells that reside in the duodenal mucosa are presumably important in mucosal defense against recurrent AstV infections [79] . Vaccine trials of CP of norovirus and rotaviruses in mice with similar Th1/Th2 immune responses could elicit mucosal immunity [51, 80, 81] . Since local mucosal immunity is believed to play an important role in protection against viral infections in the gastrointestinal tract, an ideal vaccine would induce strong mucosal immunity [82] . Thus, further studies are required to find out whether mucosal immune responses in the intestines could be elicited by vaccine administration with CP truncates.
Due to the unavailability of MAstV challenge in mice, it remains unknown whether the immunity evoked by subcutaneous MAstV CP immunization is capable of protecting against AstV infection. However, we may anticipate that it would have a protective effect based on knowledge obtained from studies of other similar viral infections like rotavirus and norovirus [51, 80, 81] . To date, young turkeys (poults) infected with turkey AstV and mice (C57BL/6, IFNαR −/− ) infected with murine AstV are the best-defined animal models for AstV pathogenesis [54, 62] . A 2016 study showed that wild type mice infected with a fecal filtrate containing 2 × 10 7 genomic copies of murine AstV began shedding virus within 2 days post-challenge, and viral titers reached a peak of 10 7 copies/µg RNA between 6 and 11 days post-challenge before decreasing over the remainder of the study, ultimately clearing by 53 days post-challenge [54] . Interestingly, this pattern of AstV shedding is so similar to our results for mink litters (n = 16) of the sham group ( Figure 6B ). Almost no study has been reported on MAstV pathogenesis and vaccine development. High genetic identity and clinical sign similarities between mink and human AstVs could allow mink to be a worthy animal model for studying AstV immunology and vaccine development. The results of this present study could provide us a new approach for human AstV vaccine development.
Conclusions
We characterized humoral and cellular immune responses in a mouse model immunized with not only AstV CP full-length but also AstV CP truncates as novel subunit vaccine candidates for AstV infection. This study shows that lymphocytes T-helper cells provided help for effective humoral immunity. Furthermore, we showed that optimal protection was given from maternal passive neutralizing antibodies induced by two novel AstV subunit vaccines based on an N-and C-terminally truncation strategy along AstV CP in a mink model. Further studies are required to distinguish the immunosuppressing motifs from immunogenic epitopes and remove them from vaccine candidates, thereby, leading to better adaptive immune responses. These conclusively support this idea that the truncation strategy along AstV CP and passive immunization regime described in this study could also be used to develop safe and effective subunit (proteomic or genomic) vaccine candidates not only for animal health but also for human infants, elderlies, and immunocompromised populations. 
